Objective: To validate ischemia-reperfusion mechanism during laparoscopic cholecystectomy, and to assess the reduction of oxidative stress by an intermittent sequential pneumatic compression (ISPC) device. Summary Background: Increased intraperitoneal pressure during laparoscopic operations may lead to decreased cardiac output and visceral perfusion, and possible ischemia-reperfusion effects. Using the ISPC device was shown to improve cardiac output and visceral perfusion during pneumoperitoneum (PP). Methods: Twenty patients undergoing elective laparoscopic cholecystectomy were enrolled in a randomized prospective controlled study and divided into 2 groups: 1) study group (10 patients), activation of ISPC together with creation of PP; and 2) control group, without ISPC. Lipid peroxidation and glutathione levels (as indicators of oxidative stress) as well as liver and renal function tests, were measured before and at the end of PP, and again at 30 minutes, 4 hours, and 24 hours afterward, together with hemodynamic and respiratory parameters. Results: There was no significant difference between both groups concerning liver enzymes and bilirubin, nor in hemodynamic parameters. In the control group, increased lipid peroxide levels were noted 4 hours after PP termination, in comparison to pre-PP levels (590.4 -649.2 mmol/L, P ϭ 0.002). In the study group (ISPC), such changes were not inspected. Decreased total glutathione levels were noted in the control group, 30 minutes following CO 2 evacuation. Conclusions: Our study validates the ischemia-reperfusion mechanism following laparoscopic surgery. The use of an ISPC device decreased the oxidative stress (secondary to relative ischemiareperfusion insult) following PP, probably due to improved cardiac output and visceral perfusion.
T he widespread use of the laparoscopic approach for a variety of operative procedures (due to its well-known advantages) increases our awareness of the possible adverse effects of positive pressure pneumoperitoneum (PP). Adverse cardiovascular changes induced by CO 2 PP stem mainly from reduced venous return and increased systemic vascular resistance, together with nervous and endocrine changes. [1] [2] [3] [4] [5] These in turn may lead to decreased stroke volume and cardiac output. 6 -9 Induction of PP has also been shown to reduce visceral perfusion, as evident, for example, by decreased portal venous flow and renal blood supply. 10 -14 Consequently, it has been suggested that reduced splanchnic perfusion and its improvement following abdominal CO 2 PP evacuation may lead to an ischemia-reperfusion changes. Recently, several studies addressed the possibility of oxidative stress due to laparoscopic operations. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Several solutions have been raised to overcome the above deranged hemodynamic effects, including gasless surgery, substituting different gases for CO 2 , fluid overload, and various pharmacologic means. [27] [28] [29] A mechanical solution raised by Bickel involves using an intermittent sequential pneumatic compression (ISPC) device to improve venous return and cardiac function. 30, 31 This device was shown to reverse the hemodynamic changes and the cardiac autonomic control, as well as the hepatic and renal (visceral) perfusion. 32, 33 Our aim was to validate and confirm the debated mechanism of ischemia-reperfusion following PP (which might be of importance mainly following prolonged surgery for elderly, cardiac-diseased patients) and to assess the reduction of the subsequent oxidative stress by using ISCP leg sleeves, through monitoring changes in specific biochemical parameters that reliably reflect such phenomena.
METHODS
Twenty healthy patients (ASA I-II), undergoing elective laparoscopic cholecystectomy for symptomatic cholecystolithiasis, were enrolled in this randomized prospective controlled study.
Exclusion criteria included recent biliary pancreatitis, cholecystitis, or liver function tests abnormalities. Individual informed consent was obtained and the study was approved by the local Helsinki ethics committee. Both the study and control groups were matched and included 10 patients each. In the former, ISPC leg sleeves were activated together with induction of PP, while in the latter, the device was not used. Randomization was determined by using sealed envelopes.
Preoperative assessment and anesthesia were done according to a uniform protocol and under monitoring of blood pressure, pulse, pulse oximetry, end-tidal CO 2 , etc.
Fluid management during the operation was standardized; for intraoperative IV fluids, it comprised of 2 mL/kg body weight/h, calculated for the period from midnight to time of surgery. For the postoperative time, it included 120 mL/h crystalloid solution. Fluid overload was never used, and hemodynamic stability was kept along the operation in both groups. Laparoscopic cholecystectomy was performed as commonly accepted, while obtaining CO 2 PP pressure automatically on 14 mm Hg during the operation.
ISPC sleeves were wrapped from the level of the foot up to the proximal thigh. Each sleeve (Lympha-Press, Mego-Afek, Israel) was composed of 10 air cells, individually connected to a computerized compressor that was activated (in the study group) to a sequential pressure of 50 mm Hg, in a rhythm of 2 cycles per minute. The anesthesia team was unaware of the randomization, as the ISPC device was wrapped upon all patients, but was activated only for the study group.
Complete blood count, glucose urea and electrolytes, bilirubin, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, gamma-glutamyltranspeptidase, calcium, phosphor and uric acid were measured preoperatively as well as 20 to 22 hours postoperatively. Liver function tests and uric acid were also measured in addition 4 hours following abdominal CO 2 evacuation.
Measuring Lipid Peroxidation
Blood samples for analysis of total lipid peroxides (that reflects oxidative stress) were obtained preoperatively, at the end of CO 2 PP (end of relative visceral ischemia), as well as 30 minutes and 4 hours afterward (reperfusion period). All the assays were done in triplicate to ensure their validation. The method was developed by El-Saadani et al. 34 In brief, the method is based on the oxidative potential of lipid peroxides (which are the reaction products of lipid peroxidation, following reperfusion) to convert iodide to iodine produced. There is a stoichiometric correlation between the organic peroxides assayed and the concentration of the iodine, the latter can be measured by reading a spectrophotometer, using a 365-nm wavelength.
Measuring Total Glutathione Levels
Total glutathione (a tripeptide, gamma glutamyl-cysteinyl-glycine) was measured (in triplicate) to assess the protective mechanism against oxidative stress. 35 In brief, a mixture of 5 reagents was prepared to serve as a standard calibration curve, to be compared with the tested glutathione in the serum. The concentration was proportional to the decrease in NADPH that was converted to NADP, while the reaction was read in a spectrophotometer at 412-nm wavelength. It should be stressed that the laboratory staff responsible for the execution of the biochemical parameters were unaware of the groups involved.
Statistical Analysis
Calculations were performed by using computerized software, SPSS version no. 11.5 (SPSS Inc, Chicago, IL). The data were presented as a mean and a standard deviation. We used the Fisher exact test or 2 test to evaluate the basic data of the study and control groups for categorical variables. We used the Wilcoxon rank sum test to evaluate the significance of change in lipid peroxide and total glutathione levels as well as liver function tests between the control and study groups, concerning each operational phase. We used the Wilcoxon signed ranks test to evaluate the change of those biochemical parameters between 2 successive phases of the operation in each group. We used the Signed test and the 2 test to assess the significance of the number of patients that expressed a change of above 5% in those parameters, between the operative stages, and both groups. A statistical significance was established when the P value was Յ0.05.
RESULTS
The mean age was 48.8 Ϯ 16.4 years (range, 21-69 years) in the study group, and 47.7 Ϯ 17.6 years (range, 24 -71 years) in the control group, without statistical significance. The male-to-female ratio was 3:7 and 1:9 in the study and control groups, respectively. The rate of associated illnesses was similar in both groups. The duration of the surgical procedure (PP) was 36.5 Ϯ 20.7 minutes (range, 15-65 minutes) and 33.5 Ϯ 11.1 (range, 20 -50 minutes) in the study and control groups, respectively (P ϭ 0.75, Wilcoxon rank sum test). The convalescence of all patients was uneventful, enabling their discharge the day after.
Hemodynamic Parameters
There was no significant difference in mean arterial pressure, heart rate, and pulse oximetry recording between both groups. Cardiac output and visceral perfusion were not assessed, but it is reasonable to assume (according to recent studies) their reduction during PP.
Biochemical Parameters
Concerning liver function tests, eg, bilirubin, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, gamma-glutamyltranspeptidase, and uric acid, there was no significant change in blood levels during the different stages of blood examination in each group, as well as between the study and control group considering each stage separately.
Lipid Peroxidation
In the control group, significantly increased lipid peroxide levels were noted 4 hours post-PP termination, in comparison to the former stages of operation (590.4 nmol/L before operation to 649.2 nmol of lipid peroxides/L, P ϭ 0.002, Wilcoxon signed rank test). Such a difference was not noted in the study group (Table 1) . We found a significant difference in lipid peroxide levels in the 4 hours post-PP stage, between the study and control group (P ϭ 0.027, Wilcoxon rank sum test). Eight patients in the control group expressed increased lipid peroxide levels above 5%, 4 hours post-PP (P ϭ 0.004), in comparison to only 2 patients in the study group (P ϭ 0.25, Signed test). The difference between both groups concerning this parameter (80% and 20%), was also found to be significant ( 2 test).
Total Glutathione Levels
A similar comparison as described for lipid peroxidation was done, revealing a decrease in the glutathione level after 30 minutes of PP termination, in comparison to the former stage of operation (0.098 nmol/L at the end of operation to 0.083 nmol/L, P ϭ 0.06, Table 2 ). Such decrease was not detected in the study group. Eight patients in the control group expressed a decrease of above 5% in total glutathione levels 30 minutes following PP deflation (P ϭ 0.008).
DISCUSSION
In our study, we have demonstrated a significant difference in lipid peroxide concentration during the relative reperfusion stage (following evacuation of pneumoperitoneum) between the study and control groups. While the control group represents the influence of relative ischemia during PP induction and oxidative stress following reperfusion, the study group includes patients in whom the use of ISPC sleeves are expected to overcome this phenomenon, by improving visceral perfusion during laparoscopic operations.
The logic for the ischemia-reperfusion phenomena during laparoscopic operations stems from the already proven pathophysiologic finding that raising the intra-abdominal pres-sure during PP may cause decreased splanchnic perfusion secondary to different hemodynamic factors (mainly decreased cardiac output), leading to relative (mild) ischemia. 10 -14 Elimination of PP at the end of the operation would improve visceral perfusion, providing oxygen-enriched blood that augments oxidative reactions, causing reperfusion effects (as is evident in the classic models in which blood flow to an organ like limb or intestine was artificially stopped and regained after a period of time). Production of free radicals following this event (especially hydroxyl radicals) may cause cellular injury, for example, by lipid peroxidation, neutralization of cytochromal enzymes, and change in transmembrane transport system. Lipid peroxidation leads to structural injury, as well as to deranged cellular function.
In recent years, the mechanism of ischemia-reperfusion has been suggested during laparoscopic operations, but the data are not without conflicts. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] First, in several studies, an oxidative stress was not clearly validated. 24 -26 The second argument is that the majority of those studies that support such phenomenon in humans are based on animal models. 15,16,18,20 -23 Third, in several studies, elevated markers of oxidative stress were demonstrated only immediately after PP termination and not following a significant period of reperfusion. 17, 19 In others, a proper reperfusion phase (to establish the typical oxidative changes that follows the ischemic phase) was not included at all in the study design. 22, 25 Fourth, most 
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Reducing the Oxidative Stress of the above studies depend on the detection of elevated malondialdehyde levels as an indicator of lipid peroxidation, through its reaction with thiobarbituric acid (measurement of TBARS). This reaction is not considered to be specific enough and may reflect biochemical processes that are not related merely to oxidation. The method we used in our study directly detected lipid peroxidation, and its reliability is appropriate to detect even small oxidative changes that may occur during a short period of mild ischemia and reperfusion, as occur during laparoscopic cholecystectomy. The use of pneumatic sleeves that works intermittently and sequentially (lympha-Press, Mego-Afek, Israel) during laparoscopic operations has already been shown to improve cardiac output together with renal and hepatic (visceral) perfusion. 32, 33 Consequently, we are allowed to suggest that using such ISPC device would eliminate the relative ischemia during PP and the reperfusion effect that follows its deflation. In case of contraversion concerning this phenomenon, finding a significant difference in biochemical parameters between the study and control groups would validate such mechanism (by augmenting small changes), together with providing a potential therapeutic tool to overcome the possible oxidative deranged results (in addition to its hemodynamic advantages of the device).
In our prospective randomized study, we have observed significant difference in oxidative products during the post-PP phase, between the control (elevated lipid peroxides) and study (ISPC) groups. Indeed, the elevation is mild, but the difference provides evidence for an ischemia-reperfusion component in laparoscopic cholecystectomy operations. We presume that the reason for the minor changes in oxidative products reflects the short ischemic phase during the most common elective laparoscopic operative procedure today.
Intracellular reactive oxygen and nitrogen species (ROS, RNS) are generated as byproducts of normal metabolic processes, and can both damage cellular constituents and function as important signaling molecules during cell differentiation, cycle progression, etc. Under special circumstances such as an ischemia-reperfusion insult, the redox balance shifts in favor of excess oxidation to result in an oxidative stress.
Protein modification is induced either directly by ROS/ RNS, or indirectly by reaction with secondary by-products of oxidative stress. It can lead to oxidation of amino acid side chains, aggregates, and cleavage of the peptide chain. The oxidation of the active site cysteines of some crucial regulatory proteins (like tyrosine phosphatases) has been suggested to have a potential regulatory mechanism. And so, the cysteine sulfenic acid should undergo an oxidative reaction that should be specific and reversible.
The cellular defense strategies are at the level of oxidative damage repair and ROS/RNS scavenging mechanisms. ROS/RNS are successfully countered by cellular enzymes, among them superoxide dismutase and glutathione peroxidase, as well as by nonenzyme antioxidants, especially glutathione, which is the most abundant nonprotein thiol in the cell. As an antioxidant, glutathione plays a major role in maintaining the reduced state of cellular protein thiol groups, thus protecting against protein thiol oxidation. The reversible covalent addition of glutathione to cysteine residues on target proteins by the formation of a mixed disulfide between a protein thiol and the glutathione is called protein S-glutathiolation. By protecting critical protein thiols against irreversible oxidation as a consequence of oxidative and/or nitrosative insult, and the loss of their biologic activity, protein Sglutathiolation has been implicated in the buffering of oxidative stress, stabilization of extracellular proteins and regulation of enzyme activity, modulation of the activity of various proteins such as transporters, receptors, kinases, proteases, as well as in redox-mediated signal transduction. 36 -38 In our study, we have preferred to measure total glutathione because its assay is very sensitive and accurate, while the assay for reduced glutathione is less sensitive. The nonenzymatic reactions against oxidative stress were evaluated by measuring total glutathione, assuming that decreased levels reflect its participation in protein S-glutathiolation. In plasma, glutathione protein mixed disulfide accounts for only a small percent of total glutathione. Consequently, we may presume that, by measuring only the extracellular component of the defense mechanism (while most are intracellular), only a mildly decreased level of glutathione would be expected following a short and partial ischemic period, as was noted in our study, in the control group, 30 minutes after PP evacuation.
Considering the rest of the biochemical parameters, we did not notice any significant changes between the preoperative and postoperative plasma levels of liver function tests or uric acid, in both groups. Indeed, elevated transaminase levels were described in several studies following PP, but the number of patients involved was relatively small. According to our experience (in a prospective study that has not yet been published that involves more than 2000 patients), a relatively short period elective laparoscopic surgery would not be expected to evoke such changes.
The limitations of our study are mainly the small number of participants, and the lack of simultaneous measurement of cardiac output (which might have contributed a better impact for a selected group of patients).
CONCLUSION
Induction of positive pressure pneumoperitoneum during elective laparoscopic cholecystectomy seems to be sufficient to create ischemia-reperfusion changes, as is being expressed by a significantly increased lipid peroxidation (albeit not by a significant reciprocal change in total glutathione levels). Thus, using ISPC sleeves, in addition to the validation of the ischemia-reperfusion mechanism, can impede the oxidative changes following PP, as a result of the accompanied improvement in cardiac function and visceral perfusion. We therefore suggest its usage for elderly and cardiac diseased patients scheduled for prolonged laparoscopic procedures.
